Abstract-This study was designed to assess the availability of polycyclic aromatic hydrocarbons (PAHs) present at a gasworks site to different soil remediation techniques. The study examined the effect on PAH availability of using different organic solvents, the degree of pretreatment, and the extraction time. In total, 25 PAHs (with two to six fused rings) and five carbonyl derivatives were measured. The results indicated that the PAHs and their derivatives were bound loosely to the surface of the studied soil and that there were no significant kinetic boundaries associated with the extraction of the PAHs. Furthermore, it was concluded that the studied soil was not suitable for bioremediation, as the concentration of PAHs with low molecular weight were limited. However, pressurized liquid extraction (PLE) with methanol as the solvent extracted 97% of all PAHs and PAH-derivatives, indicating that extraction may be effective as part of a soil remediation technique for old gasworks soils.
INTRODUCTION
The soil remediation efficiency of polycyclic aromatic hydrocarbons (PAHs) at former gasworks sites is limited by the contaminants' availability, which in turn is affected by the chemical properties of the contaminants, soil characteristics, and soil-contaminant aging. Physical and chemical availability may influence several remediation techniques, including stabilization, extraction, oxidation, and soil washing, whereas bioavailability may influence techniques including any biological treatment [1, 2] . Furthermore, availability significantly influences the degree to which organisms living in the soil are exposed as well as affect the potential for ground or surface water pollution. Thus, availability is an important factor in both site-specific and general risk assessments. Previous studies of the soil used in this investigation [3] showed high concentrations of high molecular weight (HMW) PAHs, which is typical for an aged gasworks soil [4] . As bioavailability is limited for HMW PAHs and bioremediation is most effective for bi-and tri-cyclic PAHs [2, [5] [6] [7] , the current study focuses on availability defined by chemical parameters.
Chemical properties important to availability of PAHs in soil include molecular size, ionizability, water solubility, lipophilicity, polarization, and volatility. In addition, strong intermolecular forces like bonding, hydrogen bonding, ligand exchange reactions, and ionic and dipole-dipole interactions are important in the sorption of organic compounds to soil [8] . With respect to soil characteristics, soil organic matter is an important factor affecting the availability of PAHs if the organic carbon content is greater than 0.1%. At lower soil organic matter levels, solute interactions with mineral surfaces are more significant [9] . Of the soil organic matter components, humic acid binds more strongly with PAHs than do fulvic acid and humin [9, 10] . Aging refers to the soil-contaminant pro-* To whom correspondence may be addressed (magnus.bergknut@chem.umu.se).
cesses that result in a contaminant becoming more strongly associated with soil over time. Both the chemical properties of the contaminants and the soil characteristics influence aging, which may include several steps and diverse processes, including covalent bonding, sorption, diffusion, and entrapment [8, 11, 12] .
Bioavailability, like soil-contaminant aging, is compound-, organism-, and species-specific and will vary from case to case. Finding a chemical method to assess bioavailability thus will be difficult, especially if a strong correlation between the fraction extracted and the fraction that is bioavailable is required [13] . Recent attempts have been made to estimate PAH bioavailability using extraction techniques such as mild solvent extraction with n-butanol [14] and nonexhaustive cyclodextrin-based extraction [15] . In order to assess the bioavailable fraction, it is essential to be able to determine the total concentration, as defined by exhaustive extraction, of PAHs in soil samples. Soxhlet extraction, ultrasonic extraction, microwave-assisted extraction [16, 17] , accelerated solvent extraction/pressurized liquid extraction (PLE) [18, 19] , supercritical fluid extraction [20] [21] [22] , and methanolic saponification [23] all have been applied successfully for this purpose. Except for the Soxhlet extraction, most of these techniques require some kind of evaluation of suitable settings before extraction.
The experimental setup of the present study was designed to assess the effects of different organic solvents, degree of pretreatment, and extraction time on the availability of PAHs in a former gasworks soil. Solvent effects were investigated by sequential PLE using several solvents, pretreatment effects by grinding and acidification using Soxhlet extraction, and extraction time by Soxhlet. It was assumed that the experiments using solvents of different strengths would give an indication of the affinity for PAHs compared to the soil. The studied solvents where water (high polarity and low affinity for PAHs), methanol, n-butanol and acetone, n-hexane (decreasing polarity compared to water and increasing solvent strength), and toluene (low polarity and high affinity for PAHs). Furthermore, it was assumed that the pretreatment experiments would show the extent to which the PAHs were associated to the surface of the soil while the extraction time experiments would give an indication of the kinetics involved.
MATERIALS AND METHODS

Sample collection and preparation
Polycyclic aromatic hydrocarbon-contaminated soil was collected from the site of a former gasworks in Stockholm, Sweden (pH 7.07, organic content 15%). The soil was passed through a 2-mm sieve and was homogenized thoroughly. A portion of the soil was air-dried for 24 h and then split into three batches. One of the batches was ground with a mortar until approximately 95% of all particles were smaller than 1 mm in size, the second was ground to a fine powder in a ball mill, and the last was mixed but not ground at all.
Materials and chemicals
Solid phase extraction (SPE) disks (ENVI-18) were purchased from Supelco (Bellefonte, PA, USA), and Sartolon polyamid 0.45-mm particle filters were purchased from Sartorius AG (Goettingen, Germany). Soxhlet cellulose extraction thimbles were purchased from Whatman International (Maidstone, Kent, UK). Sand, 150 to 300 m, from Merck (Darmstadt, Germany) was washed with toluene and dichloromethane. Silica gel 60 (0.063-0.200 mm) from Merck was rinsed with methanol and dichloromethane, and activated at 130ЊC prior to use. Sodium sulphate from Merck was activated at 550ЊC. All solvents used during Soxhlet extraction were of glass- 
Extraction and clean up
An outline of the extractions steps and settings can be found in Table 2 . Extraction by PLE was carried out using a Dionex accelerated solvent extraction 200 (Dionex, Sunnyvale, CA, USA) equipped with 11-ml stainless steel extraction cells. The extraction cells were prepared by pushing a cellulose filter to the bottom of each cell and then applying 1 g of sample between two layers of bulk material (sand). Duplicate samples of sieved soil were extracted, in sequence, using six different solvents: Water, methanol, n-butanol, acetone, n-hexane, and toluene. Extractions were performed using the following PLE program: Heat 7 min at 150ЊC, pressure 14 MPa, static extraction 7 min, flush 100%, purge 60 s [24] . Each water extract was then filtered through a 0.45-m filter followed by an ENVI-18 SPE-disk in order to separate PAHs associated with particles in the water and PAHs dissolved in the water. Both the filter and the disk were re-extracted separately by PLE using toluene. A second duplicate of sieved samples was extracted by PLE using toluene, as means of comparison between PAHs extracted during the sequential extraction and a single extraction. Blanks containing 1 g of washed sand for the sequential and 1 g of activated sodium sulphate for the toluene extractions were included in each run. The re-extracted water samples, the duplicate sieved samples, and the blanks were extracted using the same settings as during the sequential extraction. Furthermore, duplicates of sieved, mortar-ground, ball mill-ground, and acetic acid-treated, ball mill-ground soil was extracted with approximately 100 ml toluene in a Soxhlet apparatus for 32 h. Finally, duplicates of the sieved soil were extracted using Soxhlet for 2, 8, and 128 h. Soxhlet blanks, containing only sodium sulphate, were extracted for 32 and 128 h.
After extraction, one-tenth of each extract was spiked with 50 l of internal standard and applied to a 5 g, 10% water deactivated (w/w) silica column (ø ϭ 16 mm). The column was eluted with 15 ml n-hexane/dichloromethane (3:1 v/v) and 15 ml dichloromethane. The eluates were pooled and evaporated into 1 ml of toluene. Recovery standard (50 l) was added to each sample extract prior to analysis by gas chromatography-mass spectrometry (GC/MS).
Gas chromatography-low resolution mass spectrometry analysis
All samples were analyzed using a ThermoFinnigan GC 8000 top gas chromatograph equipped with a 30 m ϫ 0.32
Environ. Toxicol. Chem. 23, 2004 M. Bergknut et al. Table 1. mm DB-5 capillary column (0.25-m film thickness, J&W Scientific, CA, USA), coupled to a Fisons MD 800 mass spectrometer (Manchester, UK) by a transfer line interface (250ЊC). Nitrogen was used as the carrier gas at a flow rate of 1.5 ml/ min. The GC was operated in the splitless mode at an injector temperature of 250ЊC. Sample aliquots (1 l) were injected using an autosampler. The MS-generated fragments by electron impact ionization (70 eV) at an ion source temperature of 200ЊC, and was operated in single ion-monitoring mode (m/z values monitored are listed in Table 1 ). The PAHs were identified by matching retention times of the compounds in the calibration standard with candidate compounds detected in the samples. Polycyclic aromatic hydrocarbon concentrations were calculated by the internal standard technique.
RESULTS AND DISCUSSION
The efficiency of the different extractions was analyzed in terms of both individual PAH concentrations extracted and the total amount of PAHs extracted in each experiment. The results from the sequential PLE extraction using six different solvents show that 97% of all PAHs, calculated as the sum of PAHs found in fractions from all the sequential extractions, were extracted by methanol, indicating that the PAHs are relatively loosely associated to the soil studied (see Table 3 ). Hence, it would be interesting to investigate if alcohol solutions may extract a similar portion of PAHs at lower temperature and pressure (as compared to PLE). If so, soil extraction could be a feasible remediation technique for PAHs in gasworks soil. The analyses of the particulate (0.45-m filter) and aqueous (SPE-disk) phases of the PLE water extract show that even if the PAHs are extracted by water using PLE, they tend to adsorb to particles rather than stay in the dissolved phase (Table 3) . This is consistent with expectations, as the solubility of PAHs may vary a thousand-fold between room temperature and the temperature used during the sequential extraction in this study [25] . The fraction of PAHs released by the hot water might be even lower, as the particles that escape the extraction cell certainly contain PAHs. Figure 1 shows the concentrations of individual PAHs in the PLE extracts (i.e., the sequence water, methanol, n-butanol, acetone, hexane, and toluene). The H 2 O Particle Filter and hexane extracts had individual PAH concentrations with a similar distribution to the methanol extract (Fig.  1A, 1B , and 1E ), while the acetone and toluene extracts had a more even distribution ( Fig. 1D and 1F ). The n-butanol yielded slightly higher concentrations of HMW PAHs (Fig.  1C ) that may in part be due to the two following reasons. One being that HMW PAHs may require, compared to low molecular weight PAHs, a slightly less polar (as n-butanol compared to methanol) solvent in order to be extracted. The other reason being the fact that the soil itself has constant affinity for the PAHs, which may result in PAHs from the soil at the top of the extraction chamber, as defined by the solvent flow, being eluated slightly later than PAHs from soil at the bottom of the extraction chamber. This effect, combined with HMW PAHs affinity for n-butanol compared to methanol, may cause the HMW PAHs to be extracted slightly later in the extraction sequence methanol-n-butanol compared to low molecular weigh PAHs, imitating a chromatographic effect [21] .
In order to investigate whether the choice of solvent would affect extraction efficiency of carbonyl derivates of PAHs, a set of these compounds was included in the analysis (Table  1) . However, the carbonyl-PAHs, like the unsubstituted PAHs, were extracted almost completely, 93 to 100%, using methanol. The sum of PAHs, pooled from all sequential extractions, and the sum of PAHs in the single PLE Toluene extract were in the same range, 1,459 mg/kg dry wt and 1,491 mg/kg dry wt , respectively (Table 3) . When comparing extraction efficiency as a function of pretreatment or extraction time, both total concentration and the concentration of individual PAHs varied only marginally. However, one of the PLE Toluene extractions showed a significantly higher-than-average total PAH concentration and was excluded as it was found to be an outlier by a Q test (p ϭ 0.05). The average total level of PAHs for the remaining extracts was 1,522 mg/kg dry wt with a relative standard deviation (RSD) of 7%, whereas the average of the pretreatment and the extraction time experiments was 1,534 mg/ kg dry wt (RSD: 4%) and 1,528 mg/kg dry wt (RSD: 10%), respectively. These results, indicating that neither pretreatment or prolonged exaction times are necessary for the extraction of PAHs from old gasworks soils, need further investigation but may in the future lead to time-saving modifications of current methods. When comparing individual PAH levels in PLEmethanol extracts and Soxhlet-toluene extracts, similar patterns were observed (Fig. 2) . Besides the higher overall concentration in the Soxhlet extracts, most of the observed deviations between the two techniques are due to difficulties in quantifying co-eluting components when using a 30-m GC column. In general, there seems to be little difference in PAH extraction efficiency between the two techniques.
CONCLUSION
Because the PAHs were extracted using methanol, no pretreatment in the form of grinding was needed, and prolonged extraction did not increase extraction efficiency, this study demonstrates that the PAHs were loosely associated with the surface of the studied soil and that there were no considerable kinetic boundaries related to the extraction of the PAHs. The current study confirms that the studied soil is not suitable for bioremediation as it contains a high percentage of large PAHs (Fig. 2) . As the soil's organic content of 15% may affect remediation efficiency, future studies should include characterization of the organic matter in the soil, and analysis of both the degree to which PAHs are bound to it and the nature of the binding. Alternative remediation techniques with greater chances of success would include washing the soil or extrac-
